Two-dimensional (2D) transition metal dichalcogenides (TMDs) have gained much attention in virtue of their various atomic configurations and band structures. Apart from those thermodynamically stable phases, plenty of metastable phases exhibit interesting properties. To obtain 2D TMDs with specific phases, it is important to develop phase engineering strategies including phase transition and phaseselective synthesis. Phase transition is a conventional method to transform one phase to another, while phase-selective synthesis means the direct fabrication of the target phases for 2D TMDs. In this review, we introduce the structures and stability of 2D TMDs with different phases. Then, we summarize the detailed processes and mechanism of the traditional phase transition strategies. Moreover, in view of the increasing demand of high-phase purity TMDs, we present the advanced phase-selective synthesis strategies. Finally, we underline the challenges and outlooks of phase engineering of 2D TMDs in two aspects-high phase purity and excellent controllability. This review may promote the development of controllable phase engineering for 2D TMDs and even other 2D materials toward both fundamental studies and practical applications.
INTRODUCTION
Beyond graphene, transition metal dichalcogenides (TMDs) have become a series of outstanding twodimensional (2D) materials for the variation of their structures and properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . 2D TMDs with diverse band structures are essential to both fundamental research and applications. In detail, 2D TMDs with suitable bandgaps can be utilized for high-performance logic circuits and broadband photodetectors [1, 11] , and others exhibit novel physical properties including superconductivity, ferroelectricity, ferromagnetism and quantum spin Hall (QSH) effect [12] [13] [14] [15] [16] [17] [18] [19] [20] . Owing to the different symmetry, TMDs with different phases vary in the electron density of state (DOS) and charge distribution, as well as phonon DOS (PDOS), which directly affect their electrical, optical, magnetic, thermal and even mechanical properties [21] [22] [23] [24] [25] .
Theoretical studies demonstrate a number of TMD structures with remarkable properties, and their stability varies greatly [26] [27] [28] [29] . Some metastable phases are hardly obtained in the ambient condition. On the basis of close connection among TMD structures, stability and properties, it is vital to exploit effective pathways toward the specific phases. Therefore, phase engineering for TMDs has gained wide attention, which can open up a new territory for modulating the structure and properties of TMDs [30, 31] .
Here, in view of recent progress, we reviewed phase engineering of 2D TMDs. Initially, we introduced several types of TMD structures, and summarized their stability and properties. Then, we expounded phase engineering strategies which were classified into two types-phase transition and phase-selective synthesis, in accordance with the different process (Fig. 1) . Specifically, phase transition is the transformation from one phase to another, where a stable TMD generally turns into a metastable one. Phase-selective synthesis focuses on the direct fabrication of high-purity phase TMDs or heterostructures rather than the transformation process. We presented the promoting factors and the corresponding feature and mechanism for the phase transition, including intercalation, charge transfer, external irradiation, thermal treatment and stress induction. For phaseselective synthesis, we analyzed the influence of different reaction conditions such as the precursor, temperature, atmosphere and extra assisted medium on the as-synthesized 2D TMDs. Finally, we summarized the merits and demerits for both the phase transition and phaseselective synthesis strategies. We also pointed out the problems in phase engineering at present and the possible trend in the future. We believe that phase engineering of 2D TMDs is promising for the discovery of novel physical phenomena and high-performance devices.
STRUCTURES AND STABILITIES OF TMDs
With the variation of the oxidation states of transition metals, 2D TMDs exhibit diverse structures. According to the atomic configurations, monolayer 2D TMDs generally present two basic phases-the trigonal prismatic and the octahedral phases, referring to the 1H and 1T phase with D 3h and D 3d symmetry, respectively ( Fig. 2a and b) [1, 21] . In addition, 1T phase TMDs derive distorted structures (1T' and 1T'' phases) ( Fig. 2c and d) , according to the different distortions [32] . The different stacking arrangements of 1H phase layers result in 2H and 3R phases ( Fig. 2e and f) . Besides these polymorphs, the transformation from 1T' phase to T d phase also derives from the symmetry change of stacked 1T' layers [2] . Different atomic configurations of TMDs originate from the different situation of the filling of d orbitals of transition metals. In addition to the different groups of transition metals, the stability of 2D TMDs is ascribed to the filling of d orbitals [21] . Therefore, 2D TMDs with different phases show the variations of thermodynamic stability [27] . Fig. 2g examples, the trigonal prismatic phases of (Mo,W)S 2 , (Mo,W)Se 2 and MoTe 2 are much more stable than the octahedral ones of those, whereas the situation is completely opposite for WTe 2 , in accordance with the ground state energy differences [33] . It means that WTe 2 tends to become a 1T' phase rather than a 1H phase at the ground state.
Variation of 2D TMD phases provides a diversity of interesting properties for fundamental research and further applications [1,2]. Table 1 classifies 2D TMDs into semiconductors, metals and semimetals, according to their band structures. Especially for those semiconducting ones, their bandgaps are also listed. Moreover, owing to the special physical properties, metastable phases of TMDs have gained much attention. For instance, the 1T-MoS 2 possesses superconductivity, magnetism, ferroelectricity and memristive behavior [34] , which are potential for electronics, catalysis and energy storage. To obtain those metastable phases or construct the polymorphic heterostructures, giant efforts have been devoted to phase engineering of 2D TMDs, including phase transition and phase-selective synthesis.
STRATEGIES OF PHASE TRANSITION FOR 2D TMDs
The physical and chemical properties of 2D materials are dominated by their structures [70, 71] , and subtle structural changes could generate different properties [72] [73] [74] [75] [76] . Although the synthesis of 2D TMDs with stable phases has been mature, the direct fabrication of their metastable phases remains challenging. As a typical route, the phase transition is regarded as an efficient approach to obtain these metastable phases. Here, various phase transition strategies as well as their mechanisms are expounded.
Intercalation
Intercalation is one of the most common methods for the phase transition of 2D TMDs. Early in 1983, Haering et al. [70] reported that Li intercalation in 2H-MoS 2 induced a structural transformation, in which Mo coordination transformed from 2H to 1T phase. Different from a rapid increase of the electron energy of MoS 2 from 2H-MoS 2 to 2H-LiMoS 2 [77] , the phase transition is attributed to the small increase in 1T-LiMoS 2 without an energy gap. Besides, the transformation from 2H-MoSe 2 to 1T-LiMoSe 2 can also be realized [70] . It is noteworthy that Li-intercalation is generally driven by external assistance, such as ball milling [78] , electrochemical process [79, 80] , and sonication [81, 82] , which can help to TiTe 2 1T Metallicity [37] ZrS 2 1T Semiconducting (1.4 eV) [38] ZrSe 2 1T Semiconducting (0.95 eV) [39] ZrTe 2 1T Dirac semimetallicity [40] HfS 2 1T Semiconducting (1.45 eV) [41] HfSe 2 1T Semiconducting (1.13 eV) [39] HfTe 2 1T Semimetallicity [42] VS 2 1T Semiconducting (0.3 eV, 2-3 layers) [43] Metallicity (>8 layers) [44] VSe 2 1T Metallicity [18] VTe 2 1T Metallicity [45] NbS 2 2H Metallicity [46] 1T Metallicity [47] NbSe 2 2H Metallicity [16] 1T Metallicity [48] NbTe 2 1T Metallicity [45] TaS 2 2H Metallicity [49] 1T Metallicity [50] TaSe 2 2H Metallicity [51] 1T Metallicity [52] TaTe 2 1T' Metallicity [45] MoS 2 2H Semiconducting (1.85 eV) [53] 1T Metallicity [54] MoSe 2 2H Semiconducting (1.55 eV) [55] 1T Metallicity [56] MoTe 2 2H Semiconducting (1.1 eV) [57] 1T' Metallicity [58] T d Weyl semimetallicity [59] WS 2 2H Semiconducting (2.02 eV) [60] 1T Metallicity [25] WSe 2 2H Semiconducting (1.7 eV) [61] 1T Metallicity [62] WTe 2 1T' Semimetallicity [63] T d Weyl semimetallicity [64] ReS 2 1T'' Semiconducting (1.43 eV) [65] ReSe 2 1T'' Semiconducting (1.22 eV) [66] PtS 2 1T Semiconducting (1.75 eV) [67] PtSe 2 1T Semiconducting (1.13 eV) [68] PtTe 2 1T Dirac semimetallicity [69] overcome the energy barrier of phase transition. Detailed phase transition mechanism and the intercalation stability have been widely studied. In general, H-MoS 2 changes into T-LiMoS 2 during the early lithiation on account of the unusual interaction of intrinsic doping and electronphonon coupling. In case of deep lithiation, T-LiMoS 2 would be transformed into Li 2 S and Mo clusters [83] . In a word, the lithiation process should be controlled, otherwise the materials may be degraded. Besides the lithiation process, the environmental factors have impacts on the stability of Li-intercalated TMDs. To avoid such unexpected reversion from the as-obtained 1T to the 2H phase [84] [85] [86] [87] , a thermal activated hydrogenation method is put forward to substitute LiH for Li [88] . Furthermore, the phase transition induced by intercalation also depends on the thickness of MoS 2 , because the layer number affects both the energy difference between 2H-and 1T'-MoS 2 and the critical injected electron concentrations [89] .
In situ characterization and theoretical calculation uncover the detailed processes. Bai et al. [90] studied the mechanism of dynamic electrochemical lithiated MoS 2 processes by in situ high-resolution transmission electron microscopy (HRTEM). The phase transition of MoS 2 is confirmed according to the polytype superlattice with a Li ion occupying the interlayer S-S tetrahedron site. During the Li intercalation, the electron transfer from the intercalant to TMDs leads to the electron density increase of the d orbital of the transition metals, which induces the destabilization of the 2H phase and accelerates the phase transition to the metallic 1T phase. Jena et al. [91] generalized the probable pathways for the phase transition of MoS 2 (Fig. 3a) . At first, the trigonal prismatic H-MoS 2 starts to change into the octahedral coordinated O-MoS 2 (as the 1T phase mentioned above) when Li concentration reaches 20%. Then, as the concentration of Li increases to 100%, O-MoS 2 becomes more stable, and the atomic configuration converts from zigzag chains to "diamond chains" to ultimately form the stable DT-MoS 2 (as the aforementioned 1T'' phase). Next, DT-MoS 2 turns into ZT-MoS 2 (equivalent to the 1T' phase), when all Li atoms are removed from the system. Finally, ZT-MoS 2 converts back to the original H-MoS 2 by heating or aging. The pathways contribute to further understanding of the phase transition via Li intercalation.
Other intercalants including Na, K, and ammonium ions have been employed to achieve the TMD phase transition [92] [93] [94] [95] . It is demonstrated that appropriate intercalant concentration results in the phase transition, whereas the excessive concentration would lead to the structural degradation [92] . Distinct from alkali metal intercalants, the intercalated ammonium ions can stabilize the 1T-MoS 2 and 1T-WS 2 [94, 95] , which may innovate the phase transition conventionally triggered by alkali metal intercalation.
In summary, intercalation is a general means of the phase transition of 2D TMDs, whose stability may rely on the intercalation extent or the environment. Additionally, more efficient and specific intercalation methods still remain to be explored.
Charge transfer
In consideration of the different splitting conditions of d orbitals in different phases of 2D TMDs, charge transfer which tends to take place in the external electrical field or in the interfaces between materials is utilized to change the d orbital arrangements and induce the phase transition of 2D TMDs [21] . Promisingly, charge transfer can be nondestructive for the phase transition of 2D TMDs.
Electrostatic doping
Electrostatic doping is recognized as a damage-free strategy, which refers to the charge injection from an external electrostatic field. As theoretically predicted, the phase stability can be directly affected by external charge transfer [96] , which is ascribed to the total energy difference of TMD phases associated with the charge density. Therefore, it is feasible to achieve the TMD phase transition by using the electrostatic gating devices. Reed et al. [96] discovered the imposed gate voltages serving as promoters through simulation. They demonstrated that the alteration of electronic chemical potential or carrier density can induce the phase transition of monolayer TMDs. On the basis of the prediction, Zhang et al. [97] achieved reversible phase transition between 2H and 1T' phases of monolayer MoTe 2 by imposing and withdrawing the electrostatic doping in the gating device (Fig. 3b) . To confirm the components of the 1T' and 2H phases, they fitted the relative Raman mixture with Lorentz model. The relative content of the two phases was expressed by correlation Raman peak intensity ratio. The hysteretic loop of the gate-dependent Raman intensity ratios (Fig. 3c) indicates the reversible phase transition as the continuously decrease and increase of the gate voltage. In detail, Raman intensity ratio, F=A g (1T')/ (A 1 '(2H)+A g (1T')), reflects the ratio of the phase transition, where A g (1T') and A 1 '(2H) refer to the Raman intensity of A g mode of 1T'-MoTe 2 and A 1 ' mode of the 2H-MoTe 2 , respectively. Along the forward sweeping, the phase transition from 2H to 1T' phase begins at the gate voltage of 2.8 V, and it reaches the complete transformation at 3.8 V. When the gate voltage is swept backwards, the 2H phase starts to reappear at the gate voltage of 2.4 V and recovers completely at 1.2 V. Moreover, the phase transition occurs uniformly across the entire monolayer without obvious morphologic changes. Electrostatic doping can provide a versatile platform to study new topological phases. Dynamically controlled phase transition in 2D TMDs exhibits promising prospects in phase- 
Interface electron transfer
In addition to charge injection via electrostatic doping, interface electron transfer also enables the phase transition by virtue of the charge transfer of different band alignments in contacting materials. Some materials, such as electrides and metals, take full advantage of free electrons to achieve the phase transition. Kim et al. [98] reported that the phase transition was triggered by the charge transfer, when MoTe 2 was contacted with the single-crystalline 2D [Ca 2 N] + ·e − owning a low work function of~2.6 eV (Fig. 3d) In terms of crystal field theory, the Mo 4d orbitals split into three energy levels in 2H-MoS 2 or two levels in 1T-MoS 2 , respectively [100, 101] . Different from the unoccupied orbitals lying in the high-energy levels in 2H-MoS 2 , there is an unoccupied orbital in the low-energy level in 1T-MoS 2 , in which the hot electrons tend to fill to stabilize the 1T phase (Fig. 3h) . Meanwhile, deposited Au can also result in a local slide of top S plane due to the interaction between MoS 2 and Au, which can weaken the bonding of top Mo-S and further lead to a destabilization of the structure to promote the phase transition [99, 102] . To sum up, charge transfer, including electrostatic doping and interface electron transfer, plays an important role in the phase transition of TMDs for its damage-free process. Additionally, atomic doping can modulate the DOS of TMDs to induce the charge transfer, so it may be used in the phase transition of TMDs. Nb-doping can induce structural transition from 2H to 3R stacking in MoS 2 due to the lower total energy of Nb-doped 3R than that of Nb-doped 2H, which can be ascribed to freecarrier screening of holes residing in the d z 2 bands of Nbdoped MoS 2 [103, 104] . Nevertheless, in consideration of the transformation of intrinsic properties, atomic doping is not very appropriate for the nondestructive phase transition.
External irradiation
External irradiation offers high-energy particles for the phase transition, including plasma [99, 105] , electron beam [102] and laser [106] . Here we review the detailed operation and the corresponding mechanism of the external irradiation strategies.
Plasma
Plasma treatment is a clean and scalable approach to phase transition owing to the high kinetic energy inducing the lateral sliding. However, it has also been reported that some vacancies are likely to occur during the plasma treating process [107, 108] . Zhu et al. [105] reported a new phase transition way of Ar-plasma treatment being used to activate the 2H→1T phase transition. As shown in Fig. 4a , an inductively coupled plasma generated by dispersing a 20 W radio frequency (RF) power at the entrance of a quartz tube furnace using an RF (13.56 MHz) coil is applied to the as-grown MoS 2 . It has been calculated that the kinetic energy of Ar ions is tuned well below the level where etching could occur but is sufficient to wrench the S−Mo bond to induce the lateral sliding of top S-layer. As shown in Fig. 4b , after inducing the phase transition, there are three weak but distinct new peaks J 1 (167 cm −1 ), J 2 (227 cm −1 ) and J 3 (334 cm −1 ) appearing, which is in good agreement with the signature of the monolayer 1T-MoS 2 (inset of Fig. 4b ).
To sum up, plasma treating can open up a novel route for phase engineering in 2D TMDs, but it still needs further development in the controllability.
Electron beam
Electron-beam irradiation is an efficient method to achieve the phase transition, ascribing to high-energyinduced lattice reconstruction. Lin et al. [102] introduced the transformation from 2H to 1T of a single layer of MoS 2 under electron-beam irradiation. The 2H phase converts into a new phase by forming two band-like structures with an angle of 60°. Each stripe consists of three to four constricted MoS 2 zigzag chains (α in Fig. 4d ) with decreased distance between two Mo atoms, at the intersection of which the over packed atoms trigger the formation of 1T phase to release the stress. With continuous electron-beam scanning, the 1T phase domain progressively forms a triangular shape, and at the same time as two new phase boundaries denoted as β and γ show two new atomic arrangements (Fig. 4c-f) . Thus, the electron beam can be applied to intentionally induce the phase transition in a target area with a predetermined size toward specific nanoelectronics.
Laser
Laser irradiation, regarded as the high-energy photon beam, can achieve the phase transition without unexpected doping impurities. Cho et al. [106] designed a kind of local polymorph engineering, that is, they drove the phase transition from the 2H to 1T' phase in MoTe 2 via laser irradiation in a selected area. The researchers have confirmed that the top layer initially experienced the phase transition with the thinning effect, as shown in Fig. 4g , whereas the reverse phase transition was not observed by laser irradiating even with a higher energy or intensity of the laser. Generally, these three techniques are facile to realize the controlled phase transition, due to the controllability of plasma, electron beam and laser. Nevertheless, high energy particles tend to bring some damage to the sample. Moreover, it is also worth mentioning that external irradiation may offer the patternable phase transition in the future, which is promising to be extended to industrial applications.
Thermal treatment
Thermal treatment is identified as one of the most convenient strategies, for its excellent controllability of the phase transition at different temperatures according to phase diagrams. The phase transition can easily occur with the frequent vibrations of atoms and the formations of new chemical bonds at a high temperature. Lee et al. [109] reported the synthesis of 2H-and 1T'-MoTe 2 in a two-zone chemical vapor deposition (CVD) system. At first, they obtained large-scale 2H-MoTe 2 via slow tellurization methods. In Fig. 5a , during the slow tellurization, the 1T'-MoTe 2 initially took place in the top region followed by the gradual transformation into 2H-MoTe 2 . The researchers also presented that the reverse phase transition could occur by further tellurization or annealing rapidly. Kim et al. [110] obtained 2H-and 1T'-MoTe 2 via the flux method. As the phase diagram shown in Fig. 5b , the engineering of single crystalline 2H-and 1T'-MoTe 2 can be realized. In the phase diagram (Fig. 5b left) , the 2H phase starts to convert into the stable 1T' phase at temperatures higher than 500°C (Fig. 5b right) . Besides, the 2H phase can recover as it slowly cools with a new mixed phase appearing in a temperature range between 500 and 820°C, which illustrates the reversible structural phase transition. 2H phase can be obtained by slow cooling from 900°C to room temperature, while 1T' phase can be synthesized by quenching or rapid cooling process. In situ variabletemperature X-ray diffraction (XRD) patterns are presented in Fig. 5c , which also proves that the structural phase transition begins at 500°C until the 2H-MoTe 2 completely transforms into 1T'-MoTe 2 at 680°C. Besides, it is also reported that group VB TMDs such as TaS 2 can realize phase transition by this approach. Wang et al. [111] found the 1T→2H polymorph transition on the surface of bulk-TaS 2 by thermal annealing because of the thermally induced relaxation derived from larger freedom for atom displacement. Although thermal methods are very efficient and convenient, the biggest problem lies in the precise control of the conditions and transition process, which might cause many limits especially in the applications of the few-layer materials.
Stress induction
Stress induction, which utilizes mechanical force to change the lattice structure of TMDs, provides another viable strategy for the phase transition. It is mainly realized by two different methods: tensile strain and hydrostatic pressure. The former realizes the transition via interlayer atomic plane gliding, while the latter distorts the lattice structure mechanically. Duerloo et al. [33] demonstrated that an equibiaxial tensile strain of 10%-15% was needed to achieve the phase transition for most of TMDs, among which it was the easiest to achieve in the case of MoTe 2 through a tensile strain less than 1.5%. Experimentally, Lee et al. [112] proposed a method to enable a reversible phase transition for MoTe 2 with a tensile strain exerted by an atomic force microscope (AFM) tip. As a function of forces, the system resistance changes by nearly four orders of magnitude, suggesting that MoTe 2 experiences the phase transition from semiconducting 2H phase to metallic 1T' phase under the tensile strain. Fully reversible transformation occurs after the release of strain. According to the forcetemperature phase diagram in Fig. 6b , tensile strain can induce the phase transition at a certain temperature, and the needed strain becomes smaller as the temperature increases. The tensile strain may also induce the phase transition for other TMDs with underlying effects in addition to heat (e.g., electric fields and chemical doping).
It seems like a compressive stress to exert hydrostatic pressure on TMDs to induce the phase transition. Akinwande et al. [113] used a diamond anvil cell (DAC) to exert a uniform hydrostatic pressure on the MoS 2 . As shown in Fig. 6c , it is revealed by theoretical calculation that the bandgap of the 2H-MoS 2 monolayer first increases until it reaches the peak as the applied pressure increases. Above the critical pressure, the bandgap gradually reduces, and finally the metallization of 2H-MoS 2 is predicted to be achieved at about 68 GPa. In addition, it is found that interlayer interactions play a significant role in the phase transition. That is, pressure acquired to achieve transition decreases as the layer number increases (Fig. 6d) .
Though tensile strain applied by AFM can achieve the phase transition, it holds a notable feature that a phase reversal will occur after strain release, and thus it is unrealistic to obtain stable 1T'-TMDs by this method. Nevertheless, it is possible to be applied in the development of biological and optical sensors, on account of environmentally sensitive electrical property changes owing to the phase transition. Producing large hydrostatic pressure through DAC also faces the challenge to reach such high pressure, which hinders the practical application of the stress-induced phase transition.
Others
Besides intercalation, charge transfer, external irradiation, thermal treatment and stress induction, there are still many other methods of phase engineering. Xu et al. [73] utilized supercritical CO 2 in the intermediate layer of the as-exfoliated MoS 2 film to partially convert the 2H-MoS 2 nanosheets into the 1T phase and form lattice-matched heterojunction. Moreover, the available conductivity of the 1T phase and the extended life of photogenerated electrons make such tailored MoS 2 perform high catalytic activity for water splitting. Besides, Chhowalla et al. [114] introduced the covalent functionalization of TMDs which relied on the electron transfer between the electron-rich metallic 1T phase and the covalent functional groups of an organohalide reactant instead of defect engineering. The reactions between amide and methyl moieties (from organoiodide precursors) successfully applied to MoS 2 , WS 2 and MoSe 2 make the properties of the 1T phase transform from metallic to semiconducting. These special methods make it possible to combine the phase transition with solution surroundings, which may be applied in catalysis and sensing. Besides, as for alloyed phase heterostructures, there are still some approaches to partial phase transformation. Huang et al. [115] successfully obtained alloyed Mo x W 1-x S 2 nanosheets by liquid-phase preparation and controlled the 1T concentration by altering the reaction temperature. They finally observed that a mixed 1T/2H phase Mo x W 1-x S 2 with a 1T concentration of~60% presented the best performance towards hydrogen evolution reaction (HER).
PHASE-SELECTIVE SYNTHESIS OF 2D TMDs
2D TMDs with different phases, especially for the metastable ones, can be effectively obtained through the aforementioned phase transition strategies, including intercalation, charge transfer, external irradiation, thermal treatment and stress induction. Despite the fact that the target phase of 2D TMDs can be efficiently and controllably gained via the phase transition, there are still some shortcomings. 1) The as-obtained phases may not keep stable after withdrawing the external factors for the phase transition, so they would be transformed reversibly to the original phases. 2) Atomic vacancies induced by high external energy for the phase transition would lead to the unexpected property modulation, as well as chemical doping originating from intercalation. Therefore, it is urgent to develop controllable fabrication strategies for high phase-purity TMDs. Recently, phase- selective synthesis has been utilized to achieve high phase purity and construct polymorphic heterostructures.
Precursor design
Precursor design plays an important role in the TMDs growth, because the precursors affect the reaction thermodynamically. As a demonstration, the controllable and large-scale synthesis of 2H-MoS 2 has been achieved [116] [117] [118] , but there are still some challenges existing in the fabrication of metastable 1T (1T')-MoS 2 [33] . To stabilize the 1T' phase, Jiao et al. [119] prepared 1T'-MoS 2 by using K 2 MoS 4 as Mo source. It is theoretically calculated that 1T'-K x MoS 2 holds higher stability than 2H-K x MoS 2 as the K concentration rises up to 44% (Fig. 7a) . Other precursors, such as Cs 2 MoS 4 and Rb 2 MoS 4 , can also be utilized to achieve the phaseselective synthesis of 1T'-MoS 2 (Fig. 7b and c) . In addition, such a strategy is suitable to obtain 1T'-WS 2 [119] and 1T'-MoSe 2 [56] . Besides, precursor design can also be employed to the phase-selective synthesis of MoTe 2 . Kong et al. [120] reported that the component of the Mo source was essential for the CVD growth of MoTe 2 . The structure of MoTe 2 strongly relies on the Mo oxidation state, as well as the tellurization efficiency. Therefore, the phase-selective synthesis of pure 1T'-and 2H-MoTe 2 in CVD is realized by using Mo and MoO 3 as Mo precursors, respectively (Fig. 7d) [121] . Moreover, 1T'-MoTe 2 is predicted to be thermodynamically stable in the presence of certain mechanical stress [33] . In other words, when Mo foil serves as the precursor, a large stress may be generated during the formation of 1T'-MoTe 2 , derived from the 380% increase of unit cell volume from Mo to MoTe 2 . While MoO 3 acts as the precursor, the lower volume change (~47%) from MoO 3 to MoTe 2 can be released during the high-temperature growth, and then thermodynamically stable 2H-MoTe 2 without strain can be obtained. Furthermore, Te atomic flux has an extraordinary impact on the MoTe 2 phases. With a sufficient amount of Te, 2H-MoTe 2 is supposed to be obtained whereas 1T'-MoTe 2 is obtained in the insufficient Te supply (Fig. 7d) . In addition, special precursor supplement, such as Mo nanoislands deposited on substrates, can also be used for the phase-selective synthesis of MoTe 2 [122] .
In brief, there are two main strategies of precursor design to achieve the phase-selective synthesis of TMDs, including the metal precursor selection and the chalcogen flux regulation. Precursor design exerts a great influence on the synthesis at the aspect of both thermodynamics and dynamics, but it remains further understanding for the mechanism and the universality for group VB TMDs.
Temperature control
Temperature control is also an efficient approach to direct synthesis of expected TMD phases, which mainly relies on controlling the growth temperature. Different from the thermal treatment which achieves the target phase based on as-obtained samples, temperature control aims at directly synthesizing different phase by changing temperature without any post treatment. Furthermore, researchers prefer to determine the synthetic pathway based on some specific products with ground-state energy differences. Here we summarize the temperature control strategies in phase-selective synthesis for single phase crystals and polymorphic heterostructures, including direct vapor growth and van der Waals epitaxy.
Direct vapor growth of 2D polymorphs with distinct phase selectivity is an efficient but elusive way probably due to thermodynamic instability. Jo et al. [57] applied such an approach in the synthesis of MoTe 2 according to the relatively small difference in the ground-state energy between the 1T' and 2H phases. They used pure MoO 3 and Te as precursors, with NaCl applied to selectively stabilize different phase. As shown in Fig. 8a-c , when the growth temperature (T G ) reaches 710°C, the as-obtained rectangular-or trapezoidal-facet crystals are identified as 1T'-MoTe 2 . At T G =670°C, it mainly forms hexagonal or triangular facets corresponding to 2H-MoTe 2 . At intermediate T G (670°C<T G <710°C), it tends to produce varied ratios of 1T'/2H mixtures. The researchers successfully demonstrated heteroepitaxial integration of few-layer MoTe 2 metal-semiconductor polymorphs within the same atomic planes which can be regarded as a promising atomic-scale electrical contact.
Van der Waals epitaxy is also a crucial way to grow various TMDs. Chen et al. [123] realized selective growth of specific phase WSe 2 at different temperatures via such a method. It is illustrated that a single-layer WSe 2 grown at a substrate temperature of 280°C exhibits a mixture of 1H and 1T' phases, and with the temperature climbing, the 1H phase plays a more dominant role until the 1T' phase totally disappears at growth temperature above 400°C. What's more, the 1T' phase prefers to grow at a lower temperature and at the growth temperature of 130°C all the products convert into 1T' phase. Monolayer 1T'-WSe 2 with a sizable quantum spin Hall (QSH) gap is conducive to further ambient-temperature spintronics, compared with 1T'-WTe 2 owning a smaller QSH gap. Besides, unlike exfoliated materials, the 1T'-WSe 2 film synthesized by molecular beam epitaxy (MBE) has a wider range of applications owing to the large-scale fabrication of devices such as topological field effect transistors (FETs).
In summary, phase-selective synthesis via temperature control is so facile and straightforward that attracts much attention. Just differing in practical steps, target phase TMDs, especially for metastable phases, can be obtained via the aforementioned methods, which offer a great platform for further studies and potential applications. In addition, taking temperature and percentages of precursors into account might make a difference.
Atmosphere regulation
Apart from the precursor design and temperature control, atmosphere also dynamically affect the phase-selective synthesis. As a reductive reagent, H 2 plays an important role in the TMDs growth as a kinetic effect [4] . Jiao et al. [119] reported that H 2 can accelerate the chemical transformation from K 2 MoS 4 to K x MoS 2 . As shown in Fig. 9a, 1T '-2H mixed phase MoS 2 can be transformed to pure 1T' phase as the H 2 concentration ascends. Fig. 9b-d show the optical images of typical synthesis results corresponding to different H 2 concentrations marked with 1-3 in Fig. 9a . Owing to high H 2 concentrationsx, aforementioned K concentration can be kept in a relatively high value and the 1T' phase MoS 2 tends to be obtained. According to Fig. 9a , H 2 concentration shows a kinetic effect based on the particular precursor design and temperature control. Nevertheless, the growth of metastable phase TMDs is not likely to only depend on atmosphere regulation, because the carrier gas can only help with the dynamic process rather than the thermodynamic process. For TMD growth, H 2 is utilized to improve the reactivity of nonmetal precursors and regulate the expanding or etching along the TMD crystal edges. Therefore, atmosphere regulation can be an indirect and assistant strategy to improve the phase selectivity.
Medium assistance
During the TMDs growth, the volatility of precursors and intermediates is crucial for the CVD process. Initially presented by Eda et al. [124] and then developed by Liu et al. [32] , medium assistance has become one of the most effective ways to fabricate TMDs. Halide assistance aims at producing volatile intermediates and improving the reactivity. Xu et al. [125] reported millimeter-scale 1T'-MoTe 2 single crystals by using KCl and NaCl as growth promoters. The halides react with Mo precursor to produce volatile MoO 2 Cl 2 and MoOCl 4 , and then these intermediates accelerate the reaction with Te. However, it may not uncover the reason why the metastable 1T' phase was obtained rather than the stable 2H phase of MoTe 2 . Fu et al. [58] developed an iodine-assisted strategy to fabricate 1T'-MoTe 2 . Fig. 9e shows the schematic illustration of the 1T'-MoTe 2 growth. KI is not only utilized to produce volatile MoO 2 I 2 , but also to stabilize the 1T' structure. As shown in Fig. 9f , the total energy of 1T'-MoTe 2 is calculated to be 0.600 eV higher than that of 2H-MoTe 2 , while the energy of iodine-adsorbed 1T'-MoTe 2 is 0.153 eV lower than that of iodine-adsorbed 2H-MoTe 2 . Furthermore, compared with 2H-MoTe 2 , the larger bond length change of Mo-Te bonds in 1T'-MoTe 2 after the iodine-assistance may also help to stabilize the 1T' phase. Actually, in consideration of the different structures of TMDs, assisted media which can stabilize the internal lattice strain are essential to phase-selective synthesis for metastable TMDs.
SUMMARY AND OUTLOOK
Phase engineering of 2D TMDs is essential to both structural engineering and property modulation, which arouse worldwide concern. Enormous efforts have been made to develop phase engineering strategies with high efficiency and excellent controllability. To obtain specific phases of TMDs, it is necessary to develop controllable phase engineering strategies which are classified into the phase transition and phase-selective synthesis strategies. Phase transition can be achieved through intercalation, charge transfer, external irradiation, thermal treatment and stress induction, varying in efficiency, controllability and phase purity. Currently, phase-selective synthesis strategies, such as precursor design, temperature control, atmosphere regulation and medium assistance have been utilized to directly generate specific phase TMDs and heterostructures. Their excellent selectivity and high phase purity can promote further development of device construction and innovative discovery of physical phenomena.
In spite of the recent progress made in phase engineering, challenges still remain to be overcome. Initially, phase purity is vital to both the transformation behavior of structure and property and the controllable synthesis of TMDs with specific phases. The phase transition induced by lithium ion intercalation for MoS 2 exhibits a~80% phase purity from 2H to 1T phase [119] . In addition, the impurities or the defects introduced during phase engineering process can also affect the phase purity. Secondly, the stability of the products is also an important issue. The as-obtained metastable phases may convert to the original stable ones. Hence, it is necessary to stabilize the products by post-treating or introducing stabilizing media. However, such post treatments and nonvolatile stabilizing media would result in the unexpected doping or defects and even the sacrifice of intrinsic properties. Finally, phase engineering for other TMDs (e.g., group VB TMDs) or new phases still remain to be uncovered.
Phase engineering is acknowledged as a promising field for structural and property modulation, as well as the enrichment of the phase library of 2D TMDs. Actually, there may be distinct phases from the existing ones, which exhibit extremely special properties. We are convinced that phase engineering of 2D TMDs especially for the advanced phase-selective synthesis will further promote the expansion of 2D material family and the development of application technologies.
